
Atomic data for astrophysics 

Giulio Del Zanna  
STFC Advanced Fellow 

DAMTP, University of Cambridge UK 

OUTLINE: 

Some methods to measure chemical abundances in stellar coronae  

Atomic data Calculations – e.g. APAP Network (UK):    

Benchmark of atomic data 

Atomic Databases: CHIANTI  and VAMDC 

G. Del Zanna  - IAC meeting 2010 



G. Del Zanna  - IAC meeting 2010 

Ionization vs. excitation 

Charge=Z 

Charge=Z-1 Charge=Z+1 

Ionizations/recombinations occur  on timescales of 1-100s  
Dipole-allowed lines decay in 10-10  s. Forbidden ones in 10-4  s or longer  

Treat separately excitation ionization 

1 



G. Del Zanna  - IAC meeting 2010 

Intensities 

  - Separate excitation from ion/rec. 
  optically-thin plasmas line intensities are proportional to: 

Ion 
abundance 

(Te, Ne) 

El. 
abundance Level population 

(Ne,Te) Atomic data  

A-value 

Measure: 

Te, Ne, Abundances 
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Calculations of basic atomic data 

  4) R-matrix electron impact excitation:  

  1) Iron Project 
  2) STFC-funded (UK) 
  APAP Network  http://www.apap-network.org/ 
  atomic structure and e- scattering data for all 
  astrophysically-important ions, sequence by sequence. 

Dere (2007) 

1) Direct-ionization by electron impact: 
Dere (2007)  calculated ab-initio cross-sections of impact  
with ions and compared them with available experimental  
data for a large number of ions. 

2) Radiative recombination: Badnell (2006). 

3) Dielectronic recombination:  
 Badnell et al. (2003+ a number of papers). 
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Ion abundances 

Time-dependent ionization can substantially  
affect spectral line intensities  
(e.g. Raymond, Noci, etc.., see also 
 Bradshaw,Del Zanna & Mason, 2003). 

High densities affect ion abundances 
 (Burgess & Summers 1969) 

Latest ion abundances are, form some 
ions, very different from previous ones. 

Dere et al. (CHIANTI v6) 
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Del Zanna & Mason (2010) 



In-situ measurements of the SW 
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(courtesy of R. 
von Steiger) 

Variation of low-FIP (e.g. Fe) vs. high-FIP (e.g. O) with solar wind. 

‘Canonical’ FIP bias was 4, now 2-3. 
For some elements (Ar, Ne, He !) only ‘coronal’ values ! 
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Intensities and EM/DEM 

)()( TeGjiYAb
Iobs

EM Loci (see Del Zanna et al. 2002): plot  
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Some (significant) results based on 
approximations have provided 

incorrect FIP biases. 
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 Chemical abundances of coronal hole plumes 

Widing & Feldman (1992) 

Del Zanna et al. (2003) Te of maximum
 emissivity in
 ionization
 equilibrium 

Actual
 Te 

The Widing and Feldman (1989) approximation: the abundances Ab(X)  

are obtained by imposing a continuous distribution of  the values  Ab (X) DEML  

 FIP effect overestimated by a factor of 10. 

Plumes in coronal holes 

)()( TeGjiYAb
Iobs

FIP=10 

FIP=0 
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The problem of the ‘anomalous’ ions 
Anomalous EM for lines of the  Li and  Na isoelectronic 
sequences (from Burton et al. 1971). 

See Del Zanna (1999) and Del Zanna et al. 
(2001,2002) 

Li-like  N V and C IV are underestimated by factors of 3  
and 10, while those of  Ne VIII and Mg X  are   
overestimated by  factors of 5 and 10,respectively.  

The problem was discovered to apply to stellar coronae 
by Del Zanna et al. (2002).   

Dupree 
(1972) 
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R-matrix data for astrophysically abundant elements 
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(APAP) : F-like: Witthoeft Whiteford Badnell (2007) 
Na-like: Liang, Whiteford,Badnell (2009) 
Ne-like: Liang et al. (2010, submitted) 
Li-like: Liang & Badnell (2010) 



Na-like iso-electronic sequence (valence- and core-excitations) 

Radiation and Auger damping are included for the core-excitations, and found to 
be strong and widespread 

Complicated structure appears as in cases of F-like and Ne-like sequence for 
considerable part of transitions 
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Liang et al. (2009)  



Ne-like iso-electronic sequence 

Large-scale calculation with 209 level CC expansions 

Detail comparison made to check the accuracy of the sequence calculation 

Complicate structure along the sequence appears 
11 
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Liang & Badnell  (2010a)  



Li-like iso-electronic sequence includes core- and valence-excitations 

The inclusion of Auger and radiation damping  significantly reduce the resonance 
enhancements 

Similar complicate structure appears as other iso-electronic sequence 
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Liang & Badnell  (2010b)  



Re-examination for several specific ions (Si9+) 
An improvement of the excitation data has been made with large-scale model. 

Some new lines are identified with these resultant excitation data 
(Liang et al. 2009) 
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Re-examination for several specific ions (Fe13+ ) 
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Liang et al. (2010) 



APAP/ADAS adf04 format 
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Target 
Energies 

A-value Rates 

Te 
High-E 

limit 
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Benchmarking atomic data (Del Zanna 2004:)  
 In  a series of papers, I have calculated and benchmarked atomic data for the XUV 
using a `novel’ approach: atomic structure calculations and comparisons between 

  observed and theoretical wavelengths (all brightest lines) 

  observed and theoretical line intensities for a wide range of astrophysical and 
laboratory plasmas using the emissivity ratios:  

  observed (beam-foil spectroscopy) and  
theoretical lifetimes and branching ratios. 

RESULT: 

a large number of revised wavelengths (with uncertainties) 
new identifications, new level energies (with uncertainties),  
new diagnostic applications 
For many ions NIST energies are not up-to-date. Not easy to trace original work. 

A-values of strongest lines normally accurate to better than 10% 
Excitation data  normally accurate to better than 20% 
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Storey et al.(2005) 



R-matrix !  Fe XVIII 

3s --> 2p 

The large discrepancies for the strong  
3s--> 2p  transitions have been resolved with the  
first R-matrix e- scattering calculation by Witthoeft, Badnell, Del Zanna et al. (2006). 

2 

3 

4 
Peak of EM 

4 (not 6) 
MK 

New diagnostics to measure electron temperatures and densities (Del Zanna 2006). 

DW: 

R-matrix: 



Fe XI – 6 years ! 
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Del Zanna (2010) 



Good things come to those who wait… 
•  Fe VII: Witthoeft et al. (2008) S 

Del Zanna (2010) ID 
•  Fe VIII: Griffin et al. (2000) S 

Del Zanna (2010) ID 
•  Fe IX: Storey et al. (2002) S 
•  Fe X:  Del Zanna, Berrington, Mason (2004) S, ID 
•  Fe XI: Del Zanna, Storey, Mason & Del Zanna 2010 S, ID 

•  Fe XII: Storey et al. 2005 (S); Del Zanna & Mason (2005) S, ID 
•  Fe XIII: Storey & Zeippen (2010) S 
•  Fe XIV: Storey et al. (2000); Liang et al. (2010) S 
•  Fe XV Berrington et al. (2005) 

•  Fe XVII: Loch et al. (2006), Liang et al. (2010). 
 ID: Del Zanna & Ishikawa (2009). 

•  Fe XVIII: Witthoeft et al.(2006). Del Zanna (2006). 
•  Fe XX:  Witthoeft, Del Zanna, Badnell (2007)  

•  Fe XXIII Chidichimo et al. (2005) S; Del Zanna et al. (2005) ID 
•  Fe XXIV Whiteford et al. (2002) S; Del Zanna (2006) ID 
•    
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CHIANTI atomic package 

V.6 released (Dere et al.2009) contains new atomic 
data and new ionization and recombination rates  

Basic atomic data from e.g. CHIANTI are included  in 
many other spectral codes. Photoionization (XSTAR, 
CLOUDY, MOCASSIN) and others (ATOMDB, 
XSPEC, ISIS, PINTofALE). 

Ions included in CHIANTI 
http://www.chiantidatabase.org/ 

www.chianti.rl.ac.uk 

 CHIANTI Provides all atomic data and IDL programs necessary for modelling spectra 
from collisionally-ionised plasmas for the XUV. Over 1000 citations. 
User base: solar physics, astrophysics, X-ray, EUV, UV 

G. Del Zanna  - IAC meeting 2010 



CHIANTI data (ascii) 
fe_12.elvlc Energy levels (theoretical, observed), LSJ for Fe XII (Fe11+) 

fe_12.wgfa Transition probabilities, gf values, theoretical, observed 
wavelengths 

fe_12.splups spline fits to Maxwellian-averaged e- collision strengths in  
Burgess & Tully (1992) scaled domain. Each transition is assessed. 

Data from IP, APAP-Network, literature.  
fe_12.psplus Same but for protons. 

.diparams 

.drparams 

.rrparams 

DI, DR, RR total rates 
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Version 7 (2010) – same format 
Version 8 – new format 
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Normally we include only e excitation rates  from ground state and  
to/from metastable levels. Valid until electron densities of 1014 cm -3 or so 
for many ions. 
CHIANTI emissivities are currently calculated for plasmas in ionization 
equilibrium. 
There are ways to estimate emissivities for non-Maxwellian electrons 

CHIANTI data and programs are distributed via  
+ a tar file (www) 
+ SolarSoft (IDL packages for Solar Physics). 
+ (testing phase) Python interface (www) 
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Collisions with photons  

hv=Eij 

j 

i 

Photoexcitation and stimulated emission Not important in the very low 
corona. However, at densities of about 107  starts to become important.     
It is also very important for the infrared forbidden lines and any low-density 
plasma not far from a strong source of photons (as a planetary nebula). 

The generalised photon rate coefficient for a 
Maxwellian distribution is: 

Where W is the radiation 
dilution factor which accounts for the 
weakening of the radiation field at distance. 
Within CHIANTI, an uniform spherical 
source of black-body radiation is assumed 
by default. However, user-defined radiation 
fields can be specified. 

 CHIANTI v.3 



CHIANTI  & Astrogrid (VO) - 2006 
-  CHIANTI data were imported into a MySQL database.  

Tables: SpectralLines and LineEmissivities. Link to the VO: 

1. using ESAC DAL Toolkit to install a SLAP server (DMMapper can 
translate from  CHIANTI data model to Line data model)  
Data appear automatically in VOSpec, once registered. -  

2. by means of AstroGrid: www2.astrogrid.org   DSA software: user can 
build ADQL queries on the CHIANTI tables via Workbench.  
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Spectral Lines table 
Result of query to spectral lines table via AstroGrid DSA: 
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CHIANTI atomic data for VAMDC 
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-  WP4 SA1 Giulio Del Zanna  & Helen Mason (DAMTP, Univ. of Cambridge) 

-  Collaboration with  IoA  (Nic Walton, Guy Rixon) 
-                                MSSL, UCL (Len Culhane, Kevin Benson, Peter Kuen) 

-  BASIC DATA: first table: wavelength, A-value, gf-value, configuration, LSJ, 
observed, theoretical energy of upper and lower levels.  
To do: add  other basic atomic data (rates). 

      Maintain identity of each database. 
Problem of multiple calculations. CHIANTI policy is to select one. 
Problem of upgrades (main once every 1-2 years) 
Essential to provide appropriate references to original calculation in the 
literature ! Not simple to transfer info. 

-  DERIVED DATA (modelling): second table: line emissivities in a grid of 
temperatures and densities. 

-  To do: write simple scripts to call CHIANTI routines via the MSSL server (IDL 
and CHIANTI installed). Alternatively, write Python programs. 
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END 

Thank you ! 
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